ABSTRACT Biting midges of the genus Forcipomyia (Diptera: Ceratopogonidae) have recently been implicated as vectors of kinetoplastid parasites in the Leishmania enrietti complex. This study assesses susceptibility of one of the few successfully colonized Ceratopogonidae, Culicoides nubeculosus Meigen, to infection with Leishmania parasites infecting humans. While Leishmania infantum initially developed in the midgut of C. nubeculosus until 2 d postfeeding, parasite populations on day 3 were considerably reduced. Despite this, a polymerase chain reaction-based assay continued to indicate presence of L. infantum for up to 7 d after the bloodmeal. These Þndings are discussed within the wider context of implicating arthropods as vectors of Leishmania and it is suggested that conventional polymerase chain reaction use in vector-competence studies should be accompanied by direct microscopical observations.
Leishmaniases are vector-borne diseases whose etiological agents are protozoan parasites of the genus Leishmania (Kinetoplastida: Trypanosomatidae). Leishmania are reported worldwide, including part of temperate zones of Europe and North America and are largely transmitted by phlebotomine sand ßies of the genus Phlebotomus in the Old World or Lutzomyia in the New World (reviewed by KillickÐKen-drick 1990) . In Australia, however, day-biting midges of the subgenus Forcipomyia (Lasiohelea) Kieffer were recently demonstrated to act as vectors of the Leishmania enrietti complex between red kangaroos (Dougall et al. 2011) . In Þeld-collected Forcipomyia midges, L. enrietti complex parasites were found to exhibit infection patterns similar to those recorded in the generalized PhlebotomusÐLeishmania interaction. After ingestion of a bloodmeal various promastigote forms, including those morphologically identical to metacyclics, migrated anteriorly to the thoracic region of the midgut and colonized the stomodeal valve of the vector (Dougall et al. 2011) .
During early research on Leishmania transmission, biting midges of the genus Culicoides were suspected vectors of visceral Leishmania donovani in India, but little direct experimental evidence is available (Christopher et al. 1925) . In later studies, Culicoides were implicated as the vectors of a wide range of pathogens, most notably arboviruses (reviewed by Mellor et al. 2000) , but also monoxenous trypanosomatids (Podlipaev et al. 2004) . Recent studies have also demonstrated infection of domestic dogs (reservoirs of L. infantum) with bluetongue virus (BTV) in Morocco (Oura and Harrak 2011) , which could imply the feeding of Culicoides on canine hosts and a link to reservoirs of L. infantum. Hence, while direct evidence linking Culicoides populations with blood feeding on dogs is limited and equivocal (e.g., Blackwell et al. 1995) , it appears likely that Culicoides use canine hosts at least occasionally.
The vector competence of Culicoides for Leishmania has not been recorded under laboratory conditions. The current study therefore examines the competence of Culicoides nubeculosus, one of the few colonized species of this genus, for two major Leishmania species infecting humans in the Old World.
Materials and Methods
The C. nubeculosus used were derived from those maintained in the Institute for Animal Health (IAH), Pirbright Laboratory, United Kingdom (Boorman 1974) . Two Leishmania species, L. infantum (ITOB/ TR/2005/CUK3) and L. major Friendlin (MHOM/ IL/81/Friendlin/VI; FVI), were used. Parasites were cultured at 23ЊC in M199 medium containing 10% heat-inactivated fetal calf serum, 50 mg/ml amikacin, solution of BME vitamins (all Sigma, St. Louis, MO) and 1% sterile urine. Infection of natural sand ßy vectors, Phlebotomus perniciosus and Lutzomyia longipalpis, by L. infantum CUK3 strain (at cell density 1 ϫ 10 6 promastigotes/ml) routinely results in 75% late-stage infections (Maia et al. 2011) .
In each experiment, Ϸ200 Ð500 Culicoides females (3Ð 8 d old) were fed through a chick-skin membrane on a suspension of promastigotes (at cell density 1 ϫ 10 7 promastigotes/ml) mixed with heat-inactivated rabbit blood. Blood-engorged females were given access to cotton wool soaked by sugar solution and maintained either at 26ЊC (L. major) or 20ЊC (L. infantum) under a photoperiod of 14:10 (L:D) h. As the sugar source may determine Leishmania development in sand ßies (Young et al. 1980) , approximately half of females were offered 50% sucrose and half 50% honey. On days 1, 2, 3, 7, and 10 postbloodmeal (PBM) females were dissected and their guts were examined by light microscopy at 200 and 400ϫ magniÞcation for presence and localization of Leishmania promastigotes. Levels of Leishmania infection were graded into four categories as negative, lightly infected (Ͻ100 parasites/gut), moderately infected (100 Ð1,000 parasites/gut), and heavily infected (Ͼ1,000 parasites/ gut) (Myskova et al. 2008) . Data were evaluated statistically by means of 2 test using the S-PLUS 2000 program.
Twenty engorged females were pooled for each time interval and extraction of the total DNA was performed using a High Pure PCR Template Preparation Kit (Roche, Mannheim, Germany). The small subunit (SSU) rRNA was ampliÞed by using universal eukaryotic primers Medlin B in combination with SSU-1-B (van Eys et al. 1992) . The polymerase chain reaction (PCR) reaction was performed in 15 l total volume of reaction mix (Combi PPP Master Mix, Top Bio) using the following conditions: denaturation at 95ЊC for 5 min followed by 40 ampliÞcation cycles (94ЊC for 60 s, 55ЊC for 90 s, and 72ЊC for 90 s) and 72ЊC for 5 min. The PCR products were visualized on agarose gel by using Sybr Green ßuorescent probe.
In another series of experiments, two different protease inhibitors were tested for effect on Leishmania development in the midge midgut. In two groups of females C. nubeculosus the bloodmeal was supplemented by soybean trypsin inhibitor from Glycine max (1 mg/ml) (Sigma) or the protease inhibitor Cocktail Tablets (0.5 tablet for 3 ml of blood) (Roche), with a third group fed on blood without inhibitors acting as a control. Blood engorged females were maintained at 20ЊC and on days 1, 2, 3, 6, and 11 PBM parasite density and localization were evaluated as described above.
Results and Discussion
Detailed studies with L. infantum, carried out at 20ЊC to slow down digestion in C. nubeculosus and enhance the probability of infection (Benkova and Volf 2007) , demonstrated that by day 1 PBM L. infantum had moderately to heavily infected 88% (29/33) of females examined (Fig. 1) . The abundance of parasites then decreased on day 2 PBM and moderate infections were detected in only 57% (17/30) females. At this stage, active examples of both long nectomonads and round stages forming rosettes were observed within the bloodmeal bolus surrounded by the intact peritrophic matrix. By day 3 PBM, most of the females had defecated and midgut infection rates were very low. In 17% of females (5/30), only light infection with long nectomonads was observed in the abdominal midgut. By days 7 and 10 PBM Leishmania parasites were not observed in any of 70 examined females. The sugar source (sucrose vs. honey) had no signiÞcant effect (P Ͼ 0.05) on Leishmania development and data from these two groups are pooled in Fig. 1 . At 26ЊC, attempted infection with L. major demonstrated a very similar pattern, with rapid growth of parasite abundance in the C. nubeculosus midgut until days 2Ð3 when midges defecated, whereupon infections were Fig. 1 . Development of L. infantum in C. nubeculosus. C. nubeculosus were infected by feeding on a suspension of 10 7 parasites/ml of blood and dissected at 1, 2, 3, 7, and 10 d PBM. Day 1 and 2, females before defecation; day 3, most of the females after defecation; days 7 and 10, all females defecated. L. infantum infections were classiÞed into three categories according to intensity: heavy (Ͼ1,000 parasites per gut), moderate (100Ð1,000 parasites) and light (1Ð100 parasites). Numbers above the bars indicated the number of dissected females.
entirely cleared by all individuals (N ϭ 52) examined by light microscopy dissection (data not shown).
In sand ßies, there are two major barriers preventing establishment of Leishmania infection in unnatural parasite-vector combinations: the killing effect of midgut proteinases and an inability of the parasite to attach to the midgut epithelium (reviewed by Sacks and Kamhawi 2001). As proteinase inhibitors are known to enhance the early survival of Leishmania in sand ßies (Borovsky and Schlein 1987) we tested their effect on development of L. infantum in C. nubeculosus. Proteinase inhibitors did not have any signiÞcant effect (P Ͼ 0.05) upon Leishmania development and survival in C. nubeculosus. Heavy Leishmania infections were frequently present in C. nubeculosus on day 1 and 2 PBM, but on day 3 PBM when bloodmeal remnants defecated, infection rates and parasite loads signiÞcantly dropped in all three groups. By 11 d PBM no parasites were detected in any of the three treatments (Fig. 2) . It is clear that factors other than midgut proteinases are responsible for infection resistance in C. nubeculosus.
In Phlebotomine sand ßies, the ability of Leishmania to survive defecation and to attach to midgut epithelium is a primary determinant of vector competence (Sacks and Kamhawi 2001, Myskova et al. 2007 ). In the current study, promastigotes of both parasite species, L. infantum and L. major were not able to attach to Culicoides midgut epithelium and were defecated. Therefore we suggest that the lack of midgut attachment is the major refractory barrier for Leishmania in Culicoides midges.
Detection of Leishmania parasites using PCR has been reported from ticks (Coutinho et al. 2005 ) and ßeas (Coutinho and Linardi 2007) that has led to speculation on the role of alternative vectors. In infected C. nubeculosus, the PCR assay detected parasite infections up to and including 7 d PBM despite clearance of the parasite being recorded at day 3 PBM by microscopy. The weak positive signal recorded on day 7 could be a result of very low number of living or dead L. infantum. This illustrates that PCR positivity alone, especially when unquantiÞed, can be misleading in implication of arthropods as vectors of Leishmania. Therefore, it is important that future studies use some degree of quantiÞcation, such as real-time PCR assays (Myskova et al. 2008 , Ranasinghe et al. 2008 , Dougall et al. 2011 . Moreover, PCR positivity alone should not be used for incrimination of the sand ßy (or other blood-sucking arthropod) as this technique cannot be used to infer whether parasites are viable and transformed to highly virulent metacyclic promastigotes localized in the stomodeal valve (a prerequisite for successful transmission of Leishmania). Therefore, direct microscopical observation of Leishmania promastigotes and their localization in the digestive tract remains a crucial method for any conclusions about the vector competence of the putative vector. Fig. 2 . Effect of protease inhibitors on L. infantum development in C. nubeculosus. C. nubeculosus were infected and intensities of infection were evaluated as described in Fig. 1 . In two groups a trypsin inhibitor (TI) or a cocktail of protease inhibitors (CI) was added into bloodmeal, the third group without inhibitors served as the control (WT). No signiÞcant differences were observed between the groups (P ϭ 0.702, df ϭ 6, Pearson
